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Materials and Methods 
 
Particle Size 
Point counts of thin sections (n=300) of the rhythmite lamination, which make up the 
preserved bedforms, indicate that the finer laminae contain 23% hematitic clay matrix, 
whereas the finer layers contain 34% matrix. These numbers include pseudomatrix that 
resulted from the breakdown of labile grains, so the original clay component is somewhat 
lower. Average grain sizes (n=50 each) of the framework grains of fine layers, after the 
data was transformed from thin section (2D) to equivalence in sieve data (30), is 0.037 
mm (lower coarse silt) (standard deviation = 0.02), and 0.061 mm for the coarser layers 
(uppermost coarse silt) (standard deviation = 0.014). 
 
 
Ripple Dimensions and Orientations 
Several hierarchies of bedforms are preserved (Fig. 1a). First-order (i.e., the largest class) 
bedforms are straight-crested, relatively symmetrical ripples with heights of h=1.8+0.6cm 
(1σ), and crest-to-crest spacings of 33+11cm (Table S1). Their ripple aspect ratios 
(h/, where is ripple spacing and h is height) average 0.062 + 0.02. The ripple 
symmetry index (RSI), which is the ratio of the width of the stoss to lee sides, averages 
1.3 (range 1.1–1.7) (Table S2). Bedforms with RSI < 1.5 are considered to be 
symmetrical, and thus the first-order bedforms range from symmetrical to slightly 
asymmetrical. The second-order bedforms consist of symmetrical to moderately 
asymmetrical 2D ripples with h=0.4+0.2cm and 6.0+2.1cm (Table S1). Second order 
bedforms show locally developed bifurcations and minor additional defects typical of 
straight-crested wave ripples. The average aspect ratio for these smaller ripples is h/ 
=0.06 + 0.02, and the average RSI is 1.9+1.6 (Table S2). Rare, third-order bedforms, 
characterized by ~1-2 mm heights and 5-6 cm spacings, are parallel-to-oblique to the 
second-order bedforms.  
 
The small ripples are oriented NNE–SSW (Fig. S1; Table S3), orthogonal to the first-
order tidally influenced ripples, and thus wave action that generated the second-order 
ripples was likely normal to the tidal currents and consistent with expected equatorial 
easterlies given the low-latitude position of the deposit and NW oriented wind fields 
inferred from eolian dunes (17). 
 
 
Accumulation Rate 
We calculate the duration of the 16 m thick section at the top of the Elatina using an 
accumulation rate derived from data provided by Williams’ (13) for the Elatina 
rhythmites. Williams’ (13) counted 1580 laminae-cycle thicknesses and directly 
measured the total thickness of the core (9.39 m). Williams’ calculated ~60 years for the 
accumulation of the 9.39 m core using thousands of measured sequential laminae 
thicknesses in a Fourier transform analysis. The power spectral density plots showed a 
frequency at 13.1 +/-0.1, which Williams’ interpreted as representing the number of 
synodic (lunar) months per year at the time of deposition. Based on the details of the 
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lamination, including the alternation of thick and thin laminae cycles throughout the core, 
he was able to show that two laminae cycles represent one lunar month. He then made a 
calculation of duration as follows: 790 (laminae cycle pairs)/13.1(mo/yr) = 60.3 yr. The 
error of 0.1 on the 13.1 mo/yr estimate yields an error on the 60.3-year duration of +/-
0.46 years, or < 1%.  
 
The (uncompacted) accumulation rate for Williams’ core is 15.7 cm/yr, and thus our 16 m thick 
(uncompacted) interval yields an estimate of ~101.9 years. For uppermost silt size particles, 
compaction values between those typical of sand and silt are ~40% (19).  Using a value of 40% 
compaction, we estimate a decompacted thickness of 27 m, which we use to generate an estimate 
of actual rate of sediment accumulation of 26.5 cm/yr.  Greater depths result in higher 
compaction values.  This is a conservative estimate that uses minimum values for percent 
compaction and assumes no erosion or non-deposition of sediment at the lamina scale during 
deposition; any minor erosion at the scale of a single lamina would only increase the calculated 
accumulation rate.  
 
 
Paleo-hydraulics 
Ripple aspect ratios for orbital and anorbital ripples, whether formed on sandy or silty 
beds, collapse to the relation (16, 28) (Fig. 3a) 
 
  (1) 
where h is ripple height, , is ripple spacing, and d0 is wave near-bed orbital diameter. 
Inserting h/ =0.06 + 0.02 (one standard deviation) and h = 0.004 + 0.002 m into Eq (1) 
yields d0 = 0.95 + 0.15 m. To estimate d0 and wave period, T, as a function of water depth 
and wind speed, we first use the intermediate-wave model of (31, 32) to find wave height 
and T assuming a fetch based on paleogeographic reconstructions (10) of 75 km. Next, 
similar to (33), we use Airy wave theory and an iterative scheme to find water depth and 
wind speed combinations that produce a given orbital diameter.  The wind speeds 
reported are average wind speeds during ripple-forming events with averaging timescales 
of at least 3-5 hours (31). Varying the fetch within a factor of two (38 km – 150 km) 
shifts the water depth constraints by ~1 m.  The reconstruction also yields estimates of 
wave height and wave orbital velocity (Fig. S2).  If depth did not vary, then sea level 
must have risen to match sediment accumulation at 27 cm/yr.  If depth shallowed to its 
maximum extent of 7 m during accumulation, as allowed by the variance in reconstructed 
d0 from ripple dimensions, then the remaining 20 m of accumulation must have been 
accommodated by sea level rise at a rate of 20 cm/yr.     
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Fig. S1.  Ripple Orientations.  Measurements of first- and second-order ripples at Lat: S 
32.41899, Long: E 137.72365 (Table S3). (A) First-order ripple crests highlighted by 
white arrows. (B) second order ripple crests highlighted by white arrows. Note second-
order crests are perpendicular to first-order crest. (C) Rose diagram showing the 
orientation of first-order crests measured at this locality. (D) Rose diagram showing the 
ripple orientation of second-order crests measured at this locality. All measurements are 
rotated 30 ° east to represent Cryogenian paleonorth (c.f. 5, 9, 34). 
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Fig. S2.  Paleohydraulic reconstruction.  Possible combinations of average wind speed 
and water depth that are capable of producing certain values of wave orbital diameter, 
significant wave period, significant wave height and near-bed orbital velocity according 
to Airy wave theory and a theory for generating intermediate-depth wind-driven waves 
(31, 32).  The orange shaded region represents the parameter space consistent with 
Elatina wave ripples, namely orbital diameters of d0 = 0.95 + 0.15 m and wave periods, T, 
of 5.5 – 7.5 s.  The wind speeds reported are average wind speeds during ripple-forming 
events with averaging timescales of at least 3–5 hours (31). For a given average wind 
speed during ripple forming wind events, water depth is predicted to have not changed by 
more than 7 m in order to produce ripples under waves with d0 = 0.95 + 0.15 m.  For 
wind speeds of ~16 m/s, consistent with the estimate of (8), the water depth is predicted 
to have been 9–16 m given the uncertainty in d0.  Larger changes in reconstructed water 
depth would require unlikely covariation between average wind speed, wave period, 
wave height and water depth to hold d0 = 0.95 + 0.15.  The paleohydraulic reconstruction 
is based on a 75 km fetch inferred from paleogeographic reconstructions (10); varying the 
fetch within a factor of two (38 km – 150 km) has a negligible effect on the water depth 
reconstruction. 
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Table S1. Ripple Dimensions. 
    
Ripple 
order 
Height 
(cm) 
Crest-crest spacing 
(cm) 
Ripple 
aspect 
1 1.3 31 0.04 
1 0.5 55 0.01 
1 1.9 32 0.06 
1 1.9 44 0.04 
1 2.3 47 0.05 
1 2.6 44 0.06 
1 2.3 43.5 0.05 
1 1.3 25.5 0.05 
1 1.5 23 0.07 
1 1.2 24 0.05 
1 1.9 29 0.07 
1 1.3 26 0.05 
1 1.9 24 0.08 
1 1.6 22 0.07 
1 1.4 19 0.07 
1 2.1 29 0.07 
1 2.5 30 0.08 
1 2.8 22 0.13 
1 2.1 48 0.04 
1 2.6 46 0.06 
1 1 24 0.04 
2 0.2 10 0.02 
2 0.2 6 0.03 
2 0.4 8 0.05 
2 0.2 6 0.03 
2 0.2 4 0.05 
2 0.3 2.2 0.14 
2 0.3 3.6 0.08 
2 0.2 5.1 0.04 
2 0.2 6.3 0.03 
2 0.1 2.9 0.03 
2 0.2 3.1 0.06 
2 0.3 3.6 0.08 
2 0.4 3.4 0.12 
2 0.3 3.5 0.09 
2 0.3 3 0.10 
2 0.3 4.5 0.07 
2 0.4 3 0.13 
2 0.5 3.5 0.14 
2 0.2 4 0.05 
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2 0.2 4 0.05 
2 0.3 6 0.05 
2 0.3 5 0.06 
2 0.2 4.5 0.04 
2 0.1 3.7 0.03 
2 0.1 3.3 0.03 
2 0.3 8 0.04 
2 0.3 6 0.05 
2 0.3 4.4 0.07 
2 0.3 5.5 0.05 
2 0.2 5 0.04 
2 0.4 6 0.07 
2 0.4 6.6 0.06 
2 0.3 6.4 0.05 
2 0.2 4.5 0.04 
2 0.2 4.5 0.04 
2 0.1 5 0.02 
2 0.3 5 0.06 
2 0.4 5.3 0.08 
2 0.3 4.9 0.06 
2 0.3 5.1 0.06 
2 0.2 5.3 0.04 
2 0.2 4.5 0.04 
2 0.4 5.5 0.07 
2 0.3 5.6 0.05 
2 0.2 4.4 0.05 
2 0.3 6 0.05 
2 0.4 5 0.08 
2 0.4 6.3 0.06 
2 0.4 6.7 0.06 
2 0.2 6 0.03 
2 0.4 6.5 0.06 
2 0.3 5.5 0.05 
2 0.1 7.5 0.01 
2 0.2 3 0.07 
2 0.2 3.8 0.05 
2 0.3 2.7 0.11 
2 0.2 3.5 0.06 
2 0.3 2 0.15 
2 0.2 3.6 0.06 
2 0.3 4 0.08 
2 0.3 3.9 0.08 
2 0.4 7 0.06 
2 0.4 7 0.06 
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2 0.4 6.5 0.06 
2 0.4 8 0.05 
2 0.6 8 0.08 
2 0.6 9.5 0.06 
2 0.7 7.5 0.09 
2 0.4 7.5 0.05 
2 0.4 6.5 0.06 
2 0.2 4.5 0.04 
2 0.3 3.5 0.09 
2 0.3 5.3 0.06 
2 0.2 5.7 0.04 
2 0.4 4.5 0.09 
2 0.6 5.5 0.11 
2 0.4 5.3 0.08 
2 0.3 4.9 0.06 
2 0.4 7.3 0.05 
2 0.5 9 0.06 
2 0.6 10.5 0.06 
2 0.5 6 0.08 
2 0.3 6.5 0.05 
2 0.4 4.5 0.09 
2 0.5 6 0.08 
2 0.5 8.5 0.06 
2 0.6 9.5 0.06 
2 0.4 10.5 0.04 
2 0.3 8.8 0.03 
2 0.3 7.7 0.04 
2 0.4 6.5 0.06 
2 0.4 7 0.06 
2 0.5 7.5 0.07 
2 0.2 5 0.04 
2 0.3 4.5 0.07 
2 0.4 6.1 0.07 
2 0.5 7.4 0.07 
2 0.4 7 0.06 
2 0.3 5.5 0.05 
2 0.4 5.8 0.07 
2 0.3 5.4 0.06 
2 0.5 5.8 0.09 
2 0.5 7.5 0.07 
2 0.3 9 0.03 
2 0.9 12 0.08 
2 1 13 0.08 
2 0.8 10.5 0.08 
2 0.5 8.5 0.06 
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2 0.5 8 0.06 
2 0.5 7 0.07 
2 0.5 8 0.06 
2 0.5 7.5 0.07 
2 0.4 7.1 0.06 
2 0.8 6.3 0.13 
2 0.7 7.9 0.09 
2 0.5 9.2 0.05 
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Table S2. Ripple Asymmetry. 
 
Ripple 
Order 
Crest-trough spacing 
(cm) 
Trough-crest spacing 
(cm) 
RAI 
1 16 15 1.07 
1 20 12 1.67 
1 25 19 1.32 
1 25 19 1.32 
1 21.5 20 1.08 
1 14 11.5 1.22 
1 12.5 10.5 1.19 
1 14 10 1.40 
1 16.5 12.5 1.32 
1 14 12 1.17 
1 14 10 1.40 
1 13 9 1.44 
1 10 9 1.11 
1 15 14 1.07 
1 17.5 12.5 1.40 
1 13.5 8.5 1.59 
2 1 2.8 0.36 
2 0.5 1 0.50 
2 2.5 4.5 0.56 
2 3 5 0.60 
2 3 5 0.60 
2 3.1 4.8 0.65 
2 2.3 3.5 0.66 
2 2 3 0.67 
2 3 4.5 0.67 
2 2 3 0.67 
2 2.2 3.3 0.67 
2 3.5 5 0.70 
2 3.5 5 0.70 
2 4 5.5 0.73 
2 3 4.1 0.73 
2 5.5 7.5 0.73 
2 1.5 2 0.75 
2 1.5 2 0.75 
2 2.5 3.3 0.76 
2 3.5 4.5 0.78 
2 4 5 0.80 
2 2.2 2.7 0.81 
2 2.7 3.3 0.82 
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2 3.3 4 0.83 
2 1 1.2 0.83 
2 4 4.8 0.83 
2 4.2 5 0.84 
2 2.9 3.4 0.85 
2 3 3.5 0.86 
2 3 3.5 0.86 
2 3.5 4 0.88 
2 3.5 4 0.88 
2 2.5 2.8 0.89 
2 4.5 5 0.90 
2 5 5.5 0.91 
2 5 5.5 0.91 
2 3.7 4 0.93 
2 1.4 1.5 0.93 
2 3 3.2 0.94 
2 2.2 2.3 0.96 
2 2.7 2.8 0.96 
2 3 3.1 0.97 
2 3 3 1.00 
2 2 2 1.00 
2 2 2 1.00 
2 1.6 1.6 1.00 
2 2 2 1.00 
2 2.5 2.5 1.00 
2 2.5 2.5 1.00 
2 3 3 1.00 
2 1 1 1.00 
2 4 4 1.00 
2 3 3 1.00 
2 3.5 3.5 1.00 
2 3.5 3.5 1.00 
2 2.7 2.7 1.00 
2 6 6 1.00 
2 2.8 2.7 1.04 
2 3.3 3 1.10 
2 3.9 3.5 1.11 
2 4.5 4 1.13 
2 4 3.5 1.14 
2 3.5 3 1.17 
2 3.5 3 1.17 
2 3.5 3 1.17 
2 3 2.5 1.20 
2 2.7 2.2 1.23 
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2 2 1.6 1.25 
2 2.5 2 1.25 
2 2.5 2 1.25 
2 5 4 1.25 
2 3 2.3 1.30 
2 1.7 1.3 1.31 
2 4 3 1.33 
2 2.3 1.7 1.35 
2 2.6 1.9 1.37 
2 3.5 2.5 1.40 
2 5 3.5 1.43 
2 5 3.5 1.43 
2 6 4 1.50 
2 1.5 1 1.50 
2 3 2 1.50 
2 2.4 1.5 1.60 
2 4 2.5 1.60 
2 2.5 1.5 1.67 
2 1.7 1 1.70 
2 4 2.3 1.74 
2 3.5 2 1.75 
2 2.3 1.3 1.77 
2 3.7 2 1.85 
2 4 2 2.00 
2 4 2 2.00 
2 4 2 2.00 
2 3 1.5 2.00 
2 3 1.5 2.00 
2 2.5 1.2 2.08 
2 2.5 1.1 2.27 
2 3.7 1.6 2.31 
2 3.5 1.5 2.33 
2 3.5 1.5 2.33 
2 2.4 1 2.40 
2 2.4 1 2.40 
2 2.5 1 2.50 
2 4 1.6 2.50 
2 4.5 1.8 2.50 
2 5 2 2.50 
2 2.5 1 2.50 
2 2.9 1.1 2.64 
2 4 1.5 2.67 
2 2.2 0.8 2.75 
2 5.5 2 2.75 
2 5 1.7 2.94 
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2 6 2 3.00 
2 6 2 3.00 
2 3 1 3.00 
2 3.4 1.1 3.09 
2 4.2 1.3 3.23 
2 6.5 2 3.25 
2 3.5 1 3.50 
2 3.5 1 3.50 
2 4.3 1.2 3.58 
2 4.2 1.1 3.82 
2 3.2 0.8 4.00 
2 4.5 1 4.50 
2 5.5 1.1 5.00 
2 5 1 5.00 
2 3.8 0.7 5.43 
2 3 0.5 6.00 
2 5.2 0.8 6.50 
2 5.6 0.8 7.00 
2 3.9 0.5 7.80 
2 4.5 0.5 9.00 
2 2.7 0.3 9.00 
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Table S3. Ripple Orientations.  See Fig. S2 for details. 
 
First-order ripples Second-order ripples 
orientation (degrees) orientation (degrees) 
283 3 
296 5 
293 13 
292 23 
288 33 
283 41 
293 34 
273 26 
287 28 
285 25 
283 23 
288 23 
283 23 
283 25 
286 25 
286 25 
283 23 
283 23 
288 23 
293 22 
298 21 
288 18 
288 18 
278 3 
283 13 
288 16 
283 16 
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